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We obtained dense TiAl coatings by laser metal deposition process 
We studied the influence of laser parameters and initial microstructure on oxidation behavior 
The as-built microstructure is of great importance in Ti48Al2Cr2Nb laser coatings 
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Abstract 
Ti6Al4V have been the most important and versatile titanium alloys currently used, due to 
their excellent combination of low density and good mechanical properties, despite their 
application temperature being limited to up to 300 °C. In this work, a Ti6Al4V sheet was 
coated with a Ti48Al2Cr2Nb alloy by laser cladding process, with the process parameters 
resulting in laser-specific energy densities of 70, 80, 90 and 180 J/mm
2
, laser power between 
600 and 900 W and scanning speed of 100 to 300 mm/min. In order to analyze the oxidation 
resistance at elevated temperature, isothermal oxidation tests were carried out at 800 °C for 5, 
10, 25, 50, 100 and 150 hours in static air. The oxidized samples were characterized by 
optical microscopy (OM), scanning electron microscopy (SEM), field emission microscopy 
(FESEM) with energy dispersive spectroscopy (EDS), and X-ray diffraction (XRD) analysis. 
Two groups of coatings with similar microstructures were obtained, and their influence on the 
formation of thermally oxidized growth layers was studied. From the isothermal oxidation 
tests, it was observed that the Ti48Al2Cr2Nb coatings have good resistance to oxidation in air 
at 800 °C in comparison with the Ti6Al4V substrate by obtaining layers of oxides up to 12 
μm thick after 150 hours of oxidation. The structure of the oxide layers is complex and 
comprises the growth of successive layers from the outer surface of the coating. The effect of 
the microstructure of the coating on the density of the oxide layer formed was evaluated. 
Keywords: TiAl; coating; high-temperature; oxidation; laser metal deposition.  
*Manuscript




Titanium and its alloys are very attractive materials due to their excellent combination of 
properties that give them the possibility of being used in many fields of application. They are 
recognized for their strategic importance in the field of aeronautics as the only light metal, 
with very strong resistance, and are structurally effective for applications in high-performance 
aircraft such as jet engines and fuselage components. One of the most used alloys is Ti6Al4V, 
which was one of the first to be developed and is currently the most studied and used. This 
type of alloy has a lower weight than some low-strength steels used in the aerospace industry, 
as well as better corrosion resistance than some aluminum alloys, but it has low wear 
resistance and a limited working temperature of up to 300 °C [1–3]. Due to the need to use the 
Ti6Al4V alloy in high-temperature environments, and to improve its resistance to wear and 
oxidation, it has been proposed to coat a Ti6Al4V sheet substrate with a titanium-aluminum 
alloy (Ti48Al2Cr2Nb) by coaxial laser cladding process. 
The laser cladding (LC) process (currently called Laser Metal Deposition, LMD) is defined 
by the addition of a molten material, forming a layer on the substrate surface by the 
overlapping of single tracks, wherein the heat source is a powerful, focused laser beam that 
melts the coating material (from powder or wire) and forms a metallurgical bond with the 
substrate. It has several advantages, including: high cooling rates, low substrate dilution, high 
deposition rates and low distortion [4–6]. 
During the last decade, considerable efforts have been made globally in the development, 
technology and applications of γ-TiAl-based intermetallics for long-term high-temperature 
operations [7]. At present, there have been advances in manufacturing technologies and a 
better understanding of the microstructure, deformation mechanisms, micro-alloying process 
and the effect of the alloying elements for these alloys [8–10].  
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TiAl-based alloys have been studied due to their high specific resistance at high temperatures 
(yield strength/density), high specific rigidity (elastic modulus/density), good fatigue 
resistance, creep and excellent resistance to oxidation and corrosion. The combination of 
these properties, along with its low density (3.7 g/cm
3
), makes this alloy attractive and gives it 
great potential for innovative applications in advanced energy conversion systems mainly in 
the aeronautical and automotive industries, where these materials could replace the nickel-
based superalloys that have higher densities in operation at temperatures between 600 and 800 
C. However, as a function of the microstructure, the ductility at room temperature and at 
high temperatures decreases due to the lack of long-range order of the intermetallics, which 
makes them lack fracture toughness [11–16]. Besides their poor resistance to oxidation at high 
temperatures, the application of Ti6Al4V alloys is limited due to the formation of unsteady 
and non-protective oxide layers [17,18].    
In the aeronautical industry, its use is observed in components of the propulsion exhaust 
system, such as divergent nozzles and fins, manufactured by forging or casting, and in turbine 
blades in the low-pressure zone [7,19,20]. In the automotive industry, it is used in highly 
competitive turbochargers, specifically in turbine rotors, in vehicle engine components, 
including exhaust valves, replacing titanium alloys such as IMI 834 and nickel-based alloys, 
and in engine pistons to improve the fuel economy [7,21]. 
Titanium aluminides have low ductility compared to the Ti6Al4V titanium alloy, and the 
difference in thermal expansion of the two materials when performing the laser cladding 
process could generate cracks during the solidification of the coating. Therefore, heating the 
substrate sheet before and during the laser metal deposition process is proposed in order to 
minimize this effect, and because, in previous research trials, attempts to obtain coatings 
using this technique without sheet heating have failed. The influence of the laser beam power, 
nozzle scanning speed, and powder feed rate in one or several layers of TiAl coatings has 
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been investigated by several authors [16,22,23]; their influence on the microstructure and 
mechanical properties of the obtained coating is also known. 
This study reports on the deposition of a TiAl-based alloy (Ti48Al2Cr2Nb) by coaxial laser 
metal deposition process on a Ti6Al4V substrate with different process parameters, its 
microstructural and phases characterization, and its oxidation behavior at 800 C in 
comparison to uncoated substrate through isothermal oxidation tests.  
2. Experimental procedure 
Ti48Al2Cr2Nb gas-atomized pre-alloyed powder (at.%) supplied by TLS Technik (Germany) 
with particle size of 100-200 μm and spheroidal morphology was used, which was melted and 
projected onto Ti6Al4V substrate sheets (wt.%) 4 mm thick. Extensive coatings (50x50 mm
2
) 
were obtained using a Nd:YAG solid state laser system (wavelength 1064 nm) manufactured 
by TRUMPF (Germany) model HL1006D with a maximum output power of 1.0 kW in 
continuous mode. For this study, the laser beam diameter focused on the sheet surface was 2 
mm, samples were placed 8 mm from the coaxial nozzle, and the movement system consists 
of 4 axes table (XYZC) controlled by a Siemens digital CNC, with an overlap of 40%; the 
shielding gas used was helium (20 l/min). The substrate was preheated before and during the 
cladding process to 350 °C by a resistance heating plate below the sheet in order to prevent 
fissures and cracks during solidification of coating. The laser cladding process and parameters 
used in this study have been described by the authors in previous studies [3,23].  
Four coatings with different process parameters were selected for this study (Table 1), where 
S is the scanning speed of the nozzle (mm/min), D is the diameter of laser beam spot, F is the 
powder feed rate (g/min), P is the laser beam power (W) and E is the specific energy, which is 
obtained by Equation 1.  
     
 
   
      (Eq. 1) 
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These selected laser coatings cover a wide specific energy range in order to study the 
influence of this parameter on high-temperature oxidation behavior, which will influence the 
initial coating microstructure. 
 












Coat01 300 2 700 70 
Coat02 300 2 800 80 
Coat03 300 2 900 90 
Coat04 100 1 600 180 
 
The cross section of the coatings was obtained by cutting, and the samples were 
metallographically prepared by grinding followed by polishing, and then chemically etched 
with Kroll’s reagent. A Nikon LV100 optical microscope, a Jeol JSM6300 scanning electron 
microscope, and a Zeiss ULTRA55 field emission scanning electron microscope using an X-
Max Oxford Instruments microanalysis system with an X-ray detector of 20 μm² installed on 
both SEM and FESEM were used to carry out microanalysis by energy dispersive 
spectroscopy (EDS) for the quantification of chemical composition. The X-ray diffraction 
patterns on the prealloyed powder, coating´s surface and oxidized samples were obtained 
using a Philips X'pert diffractometer with Cu Kα monochromatic radiation (= 0.15406 nm), 
in the range of 2θ from 20 to 90°, and analyzed using the X'Pert Plus software (PANalytical).  
Samples of 8x8 mm
2
 and 0.5 mm thick (TiAl clad material only) were used for the isothermal 
oxidation test. For this purpose, an electronic precision cutting machine was used, since it was 
necessary to cut only the coated portion of the substrate. Prior to cutting, the coating was 
rectified. In order to perform the isothermal oxidation tests at high temperatures in static air, a 
GALLUR muffle furnace model MC-1 was used. The test was conducted at a temperature of 
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800 °C and was maintained for 5, 10, 25, 50, 100 and 150 hours, with cooling in static air. 
Samples were weighed before and after the test using a precision weight balance, KERN 
brand model 770-60 with a sensitivity of 0.01 mg. An FESEM equipped with a gallium 
focused ion beam (FIB) was used to cut the edge of the sample and to visualize and analyze 
the elemental chemical composition in transverse sections of oxidized coatings through EDS 
microanalysis. 
3. Results and discussion 
3.1 Coating microstructure characterization 
The laser coatings obtained show, in general, a good metallurgical bond with the substrate and 
a low dilution. The thickness of the coatings is in the range between 800 and 980 m. The 
Figure 1 shows the cross section of the coatings Coat01 and Coat04 in the as-built condition, 
showing some surface cracks that have occurred during solidification and cooling, perhaps 
due to the difference in thermal expansion that exists between substrate and coating; 
minimized its quantity with the pre-heating of the substrate at 350 C. Some small defects 
such as circular pores are also observed, possibly due to gas trapped during solidification, 
however, the defects level is lower for the coatings. 
 
Figure 1. Cross-section of the coatings observed through optical microscopy, a) Coat01 
coating (E = 70 J/mm
2






Through optical microscopy, it was observed that Coat01 and Coat02 present a duplex-type 
microstructure formed by γ-TiAl and α2-Ti3Al and some areas with small amounts of α2-
Ti3Al, specifically those close to the re-melting zones (track overlap zones) in Figures 2a and 
2b. 
Coat03 and Coat04 coatings have a microstructure composed mainly of grains in the light 
phase, identified as α2-Ti3Al, with a small amount of γ-TiAl dark phase lamellae in the re-
melted zones (Figures 2c and 2d). The microstructure formed by γ-TiAl present lamellae in a 
duplex microstructure, but the one formed by the α2-Ti3Al phase requires higher 
magnifications and electron microscopy to be analyzed. The coatings can be divided into two 
groups, the first one formed by Coat01 and Coat02 (Low specific energy) and a second group 
formed by Coat03 and Coat04 (High specific energy), with similar microstructures. 
 
Figure 2. Coatings observed through optical microscopy, a) Coat01 coating (E = 70 J/mm
2
), 
b) Coat02 coating (E = 80 J/mm
2
), c) Coat03 coating (E = 90 J/mm
2
) and d) Coat04 coating 





By using field emission scanning electron microscopy, Coat01 is observed, obtaining a thin 
lamellae structure (Fig. 3a), where it can be seen, based on the spectra, which the light phase 
corresponds to α2-Ti3Al and the dark phase to γ-TiAl, according to the proportion of atomic 
weight percentage obtained in spectrums 1 and 2, as shown in Figure 3. 
The observation of the Coat04 through FESEM indicates a majority presence of α2-Ti3Al light 
phase in the entire coating, and of dark phase γ-TiAl in the re-melting areas; in Figure 3b, we 
have the detail of the two phases with their respective chemical composition spectra. 
 
 
Figure 3. FESEM micrographs of initial microstructures a) Coat01 coating (Low specific 
energy). Detail at 1500X with spectra table, and b) Detail of Coat04 coating (High specific 
energy) at 1000X with spectra table 
 
3.2 Crystallographic phases on pre-alloyed powder and coatings 
Figure 4 shows the diffractograms of the Ti48Al2Cr2Nb pre-alloyed powder and 
corresponding laser coatings where the γ-TiAl and α2-Ti3Al phases can be identified, with the 
same proportion of the two phases being observed for the powder: for Coat01 and Coat02 
coatings (70 and 80 J/mm
2
), higher peak intensity corresponding to the γ-TiAl phase (dark 
phase in Figure 3a), and for the Coat03 and Coat04 coatings (90 and 180 J/mm
2
), higher peak 
intensity corresponding to the α2-Ti3Al phase (light phase in Figure 3b), corresponding to 





Figure 4. X-ray diffractograms of Ti48Al2Cr2Nb starting powder and coatings [3] 
 
3.3 Oxidation resistance 
The evaluation of the oxidation resistance of the substrate and the coatings was carried out in 
function of the weight gain obtained from the high-temperature oxidation tests and the 
characteristics of the formed oxide layers. The isothermal tests performed at 800 °C with 
furnace dwell times of 5, 10, 25, 50, 100 and 150 hours, yielded a normalized weight gain 
which can be observed in Figures 5a and 5b, where we can see that the Ti6Al4V substrate has 
a normalized weight gain ten times greater than the Ti48Al2Cr2Nb coatings. Figure 5b shows 
only the weight gain of the coatings; we can observe differences between them. It can be 
noted that they are divided into two groups, a first group formed by Coat01 and Coat02 (Low 
specific energy) presenting a lower weight gain, and a second group formed by Coat03 and 
Coat04 (High specific energy) with greater weight gain, with these groups differing in their 




Figure 5. Normalized weight gain as a function of oxidation time for isothermal tests,             
a) Substrate and coatings, b) Coatings Coat01 and Coat02 (Low specific energy), Coat03 and 
Coat04 (High specific energy), where it can be seen that they are separated into two groups 
according to their behavior 
 
The oxidation weight gain of the Ti6Al4V substrate reported by Jeng et al. [24] is similar in 
orders of magnitude to that obtained in this study. This normalized weight gain of the 
substrate presents oxidation kinetics that have been approximated with a mathematical model 
to an increasing potential curve, following the equation: ΔW/A = 0.0058 t 
0.7734
, where ΔW 
represents the weight gain (mg), A is the total area of the exposed surface (cm
2
) and t is the 
oxidation time (h). 
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Normalized weight gain as a function of oxidation time of the coatings can be represented in 
two stages: a first section with increasing potential behavior up to 50 hours of oxidation, and 
then a second section with linear behavior as a function of time (Figure 6) from 50 to 150 
hours. These are shown with dashed lines for one coating of group 1 (Coat01: Low specific 
energy) and for one coating of group 2 (Rec3: High specific energy). 
 
Figure 6. Normalized weight gain curves with respect to test time at 800 °C, which include 
the equations of the curves for Coat01 and Coat03 (Low and High specific energy) 
 
The Coat01 coating obtained up to 50 hours has a lower weight gain; the adjusted equation for 
this coating has a smaller exponent in the potential equation of weight gain than that obtained 
for Coat03, indicating a more stable growth of the oxide layer as a function of oxidation time, 
denoting a lower oxidation rate up to 50 h. As for the linear behavior of the oxide layer 
growth after 50 hours, Coat01 presents a smaller slope of the line with respect to Coat03, 
which indicates a lower growth rate of the oxides layers, and is associated with the scant 
variation in the size of the oxide crystals observed on the surface. 
The coatings in group 2 (Coat03 and Coat04: High laser specific energy) gained 35.6% more 
weight during 150 h oxidation than group 1 (Coat01 and Coat02: Low specific energy). The 
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fitted equations for the coatings in the two stages and their adjustment factor (or correlation 
coefficient, R
2
) are compiled in Table 2, where it can be seen that they present lower 
oxidation kinetics than those found for the Ti6Al4V substrate, as seen through the multiplier 
coefficient and exponent of their weight gain equation. 
The observed weight gain for the obtained laser coatings indicates that there is diffusion of 
titanium and aluminum in a process considered as potential growth kinetics in the initial 
stages of the oxidation process, with normalized weight gain values similar to obtained at 800 
ºC a casting Ti48Al2Cr2Nb alloy [25]. In order to be able to consider that the formation of a 
stable oxide layer exists, we must have a flat region in the curve over the time, but this is not 
observed in the linear stretch of the weight gain behavior (Figure 6); at least, not within the 
150 hours of the isothermal test that were conducted in this work. 
 
Table 2. Equations of potential and linear weight gain behavior, as a function of oxidation 
time in two TiAl laser cladding coatings 
Coating Range 
Weight gain equation  








0-50 h ΔW/A = 0.0013 t 
0.5202
 0.9997 
50-150 h ΔW/A = 0.00008 t + 0.006 0.9983 
Coat03 
0-50 h ΔW/A = 0.0012 t 
0.6491
 0.9755 
50-150 h ΔW/A = 0.0001 t + 0.0091 0.9711 
 
3.4 Characterization of oxides obtained in isothermal tests 
The surfaces of the oxidized samples were observed by scanning electron microscopy (SEM) 
in order to obtain the crystal size and analyze the morphology of the surface oxide crystals 
formed during the isothermal tests; the images obtained at similar magnification are shown for 





Figure 7. SEM micrographs, oxide morphologies of substrate Ti6Al4V oxidized at 800 ºC,    
a) 5 hours, b) 10 hours, c) 25 hours, d) 50 hours, e) 100 hours, and f) 150 hours 
 
A layer of TiO2 and Al2O3, in the form of agglomerates with a size range of 0.25 m to 
almost 1 m, grew on the oxidized substrate samples. The agglomerates are very small, and 
after 5 hours (Figure 7a), they cover the entire substrate surface, increasing in size with 
exposure time in the furnace (Figure 7b to 7f). 
 
Figure 8. SEM micrographs, oxide morphologies of Coat01 coating (Low specific energy),       





Figure 9. SEM micrographs, oxide morphologies of Coat04 coating (High specific energy),     
a) 5 hours, b) 10 hours, c) 25 hours, d) 50 hours, e) 100 hours, and f) 150 hours 
 
The formation of oxide layers on the surface in the form of agglomerates of about 0.25 μm 
can be observed in Figure 8a for coating Coat01, at 5 hours, where the coating is not yet fully 
covered (some areas without crystals). These oxides increase in size and cover all coating´s 
surface with increasing exposure time at 800 C, and then grow in the form of pillars which 
intersect, giving rise to a porous layer of TiO2, with oxides of an average size of 2 m for 100 
h (Figure 8e). On the Coat04 coating (Figure 9), 5-hour agglomerates of very small oxides are 
observed, increasing in size up to about 4 μm for 150h (Figure 9f). In order to obtain a clearer 
view of the surface oxides, techniques such as X-ray diffraction pattern have been used to 
identify the crystal phases present in the oxidized surface of Coat01 (Figure 10a) and Coat04 




Figure 10. X-ray diffractograms of the coatings: a) Coat01 and b) Coat04, both tested 
isothermally at 800 °C for 5, 10, 25, 50, 100 and 150 hours 
 
For the two coatings, Coat01 and Coat04, peaks correspond to the γ-TiAl phase of the 
coating, in addition to the presence of the oxides TiO2 and Al2O3, for 5 and 10 hours. After 25 
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hours, a few main peaks of the coating disappear, and it is observed that the peaks 
corresponding to the alumina have low intensity but remain constant until 150 hours; in the 
case of TiO2, there is an increase in the intensity of some peaks by increasing the oxidation 
time at 800 °C. The phases in the diffractograms correspond to those in the oxidized surfaces 
of the coatings observed in Figures 8 and 9, where, at 5 and 10 hours, the coating is still 
observed due to the low thickness of the oxide film. From there, a mixture of the two types of 
oxides is observed in agreement with the diffractograms. 
In Figures 8 and 9, it is observed that the oxides initially appear as agglomerates and grow 
over time up to 25 hours, and then present a pillar growth with a relatively constant crystal 
size with increasing furnace time at 800 °C. For all cases, it is observed that the surface layer 
of oxides is porous due to the lateral growth of the oxides, which is in agreement with other 
authors and the expected behavior for the TiO2layer, which is the external layer obtained in 
this process of isothermal oxidation [25–29]. It is very important to note that the oxides grow 
rapidly up to 25 hours, corresponding to the potential weight gain behavior, and then continue 
to increase in a linear and stable fashion but with no apparent growth of size in surface oxide 
crystals. 




/s 900 °C) in TiAl is five orders of magnitude 
lower than titanium, which makes it more resistant to corrosion than some Ti alloys, it is a 
critical factor for γ-TiAl structures at temperatures above 800 °C for long exposure times, 
especially under cyclic thermal conditions [30]. The improvement in corrosion resistance is 
based on the elements that constitute and are added to these alloys, which are selectively 
oxidized and will produce a protective layer of oxide at the surface. 
For Ti-Al binary alloys, the oxidation products are mainly rutile (TiO2) and alpha alumina (-
Al2O3), as has already been observed in this investigation with laser cladding processing and 
fast cooling rate. By comparison with alumina, rutile has greater diffusivity and offers poor 
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protection; however, both can be formed simultaneously. The formation of a continuous layer 
of alumina is a prerequisite for achieving sufficient oxidation resistance. TiAl alloys such as 
the one used in our laser coatings do not have a sufficient percentage of aluminum to form 
this layer, since it is known that with 50% or less of Al, rutile will form instead of alumina as 
a stable phase; other studies have shown that 60 to 70% Al is required to form a stable layer 
of alumina in air, and 47-48% in oxygen [30]. 
3.5 Cross section of thermally grown oxides 
A cross section analysis of the oxide layer was used to observe its constitution and evolution. 
These observations are made in two coatings, Coat01 and Coat04, because they present 
different initial microstructures and because they have different weight gain, as reported 
above. Three intermediate oxidation times: 10, 25 and 100 hours were used, since at 5 h the 
surface has not yet been covered with oxide, and at 150 hours a negligible difference is 
observed compared to 100 hours. This observation aims to measure the thickness of the total 
oxide layer and observe its homogeneity, as well as to differentiate the different layers of 
oxides present. 
The cross sections of oxidized coatings are shown in Figure 11, where an increase in the 
thickness of the oxide layer is observed by increasing the exposure time in the furnace during 
the isothermal oxidation test. It is observed that there are several layers of oxides, light gray 
or dark gray when observed by field emission electron microscopy, where the outermost layer 
is porous and the intermediate layers are homogeneous. The FESEM observations of the 





Figure 11. Cross section of the oxide layer observed by field emission electron microscopy 
(FESEM). Coating Coat01 (Low specific energy) with different test times: a) 10 hours, b) 25 
hours, c) 100 hours; Coat04 coating (High specific energy): d) 10 hours, e) 25 hours, and        
f) 100 hours 
 
Figures 12 to 15 depict the transverse section of the oxide layers for the Coat01 and Coat04 
coatings tested at 800 °C for 10 hours and 25 hours, EDS analysis by line scanning in 
coatings, the chemical composition of the layers, as well as an increase in the thickness of the 
intermediate layer as the oxidation time increases. In the case of Coat04, spectra of the detail 
of the oxide/coating interface are presented. 
 
 
Figure 12. Coat01 (Low specific energy) oxidized coating up to 25 hours, a) SEM micrograph 




During the initial stage of isothermal oxidation, a mixture of -Al2O3, TiO2, Ti2AlN and TiN 
is formed, as can be seen in the cross-sectional figures, where the light phase corresponds to 
TiO2, the dark phase corresponds to Al2O3, and a nitrogen-rich zone is obtained at the 
interface, as reported by Varlese et al. [29]. 
 
Figure 13. Oxide layers of Coat04 coating (High specific energy) tested at 800 °C for 25 
hours. a) Transverse section of the layer, b) Linear analysis by EDS, c) Detail of metal-oxide 
interface zone, and d) Table results of EDS spectrums in Figures 13a and 13c  
 
It was observed the -Al2O3 + TiO2 layer grows rapidly after a long exposure time. A low 
oxidation rate during the initial state can be explained by the formation of a relatively dense 
and protective oxide layer, with an outer layer rich in alumina, which may act as a barrier 
layer, since the alumina may be slightly more stable than TiO2 and there is no preferential 




Figure 14. Oxide layers of Coat01 coating (Low specific energy) tested at 800 °C for 100 
hours. a) Transverse section of the layer, b) Linear analysis by ESD, c) Detail of metal-oxide 
interface zone, and d) Table results of chemical composition in indicated spectrums  
 
For the Coat01 tested at 100 h, the same layers are formed as at 10 and 25 hours, but with 
greater thickness. In this case, the presence of a high nitrogen content in the interface is 
observed, as detailed in Spectrum 4 of Figure 14, in agreement with the spectra of the rest of 
the layers. Figure 15 shows the cross section of the oxide layers obtained for Coat04 tested for 
100 hours, where the presence of the different layers is verified, and it is observed that the 




Figure 15. Oxides layers in Coat04 coating (High specific energy). Sample tested at 800 °C 
for 100 hours 
 
After a transition period, the oxidation rate increases; in this case, it has been verified that this 
is from 50 hours according to the weight gain curves, and increases the porous outermost 
layer of mainly TiO2. In this layer, a thickening of particles is present, and the thickness 
increases over time. The formation of the pores underneath and within the layer can been 
explained by the initial growth of the crystals, almost perpendicular to the surface, followed 
by lateral growth until they meet with each other. The formation of this outer layer of TiO2 
can be explained by the outward diffusion of titanium through the discontinuous alumina 
layer. Some authors such as Haanappel et al. [26] and Becker et al. [31] suggest that the 
alumina layer is permeable for both Ti and O2 ions; this layer is observed for all cases of 
oxide layers in the coatings just below the rutile, with the exponent observed in the 
adjustment of the weight gain curve. The continuous growth of the inner oxide layer, 
composed of a mixture of -Al2O3 + TiO2 below the outer layer of alumina, can be explained 
by the diffusion of oxygen into the interior, possibly along intergranular zones. 
The growth of the TiO2 layer after long exposure times on the outer surface of the laser 
coatings can be explained by the outward diffusion of the titanium ions. Inward diffusion of 
oxygen was confirmed by two-state oxidation experiments [26]. It can be clearly observed 
that the oxide growth occurs at the oxide/gas interface where a significant oxygen transport is 
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observed in the interior. Due to the simultaneous diffusion of the oxygen into the interior and 
of the titanium towards the outside, the TiO2 can precipitate through channels, which act as 
paths for the titanium from the inner zone of the oxide towards the outer zone of the TiO2 
layer. Due to this, the alumina loses its protective condition and is divided into islands in a 
porous layer of TiO2, which is explained by the TiO2 having significant solubility in the 
alumina [26]. 
It is indicated that a greater thickness of oxide layers is related to more permeable layers. As 
the layer is less stable, it continues to grow without reaching the stability that would provide a 
protective layer. It is expected that the oxidation resistance will be lower, as has been seen; 
weight gain in the coatings follows a growing and then linear potential, which corroborates 
this behavior. As can be seen in Figure 15, the Coat04 coating with higher specific energy has 
a higher oxide layer thickness than Coat01 (Low specific energy), which is explained by its 
different microstructure. 
 
Figure 16. Evolution of the thickness of the thermally grown oxides (total oxide layer) in the 
Coat01 and Coat04 coatings tested as a function of oxidation time. 
 
By using the weight gain and the oxide layer thickness, an experimental oxide density has 
been determined, such as the division of the normalized weight gain ΔW/A by the thickness 
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of the oxide layer, in Table 3. It can be seen that the Coat04 coating presents greater density 
in its layers of oxides at a time of 100 hours. Since the layers are porous, this density cannot 
be directly compared to the expected density. It is known that the density of rutile is 4.17 
g/cm
3
 and 3.97 g/cm
3
 for alumina [1]. The obtained layers have half of the expected density, 
due to the presence of pores seen mainly in the more superficial layers, which would explain 
their growth. 
  
Table 3. Experimental oxide density (mg/cm
3



















Underneath the oxide layer, an aluminum-depleted subsurface zone is observed, which is a 
possible indication of the initial formation of a layer containing 2-Ti3Al. It has been found 
that due to the low Al content in TiAl alloys, the oxidation process produces 2-Ti3Al at the 
oxide/metal interface. The existence of this phase can accelerate Ti penetration into the 
alumina and therefore decrease the oxidation resistance. This could explain the increase in 
oxidation rate after the initial state where a protective layer exists. However, the composition 
of this layer can be complex, and even the presence of a new cubic phase is mentioned [30]. 
By using transmission electron microscopy, several authors have been able to corroborate the 
presence of oxy-nitrures, which also affect resistance [26]. This layer of nitrures was not 
clearly observed in the laser coatings obtained in this investigation. Oxidation in air results in 
the formation of a nitrided layer under the oxide; this nitriding may be local or may allow a 
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system of Al2O3/TiN/Ti2AlN/base metal layers. It is known that the presence of nitrogen 
increases the oxidation rate. The fragile layer of nitrides in the subsurface zone of the metal is 
detrimental if the part is subjected to mechanical stresses, because it facilitates the initiation of 
cracks. The nitriding of a crack front can increase its growth, according to Kim et al. [25] and 
Becker et al. [31]. In our case, the presence of cracks seen in the layers formed in some of the 
coatings is possibly explained by this theory (Figures 11 to 15). 
The oxidation behavior of titanium aluminides based on γ-TiAl depends not only on the 
chemical composition of the material, but also on its microstructure. Some authors have found 
that the behavior depends mainly on the size and distribution of the phases, because for these 
alloys the amount of aluminum present is not enough to form stable Al2O3 [32]. By means of 
thermodynamic equilibrium calculations, the activity of aluminum and titanium in the 2-
Ti3Al phase differs by several orders of magnitude from the γ-TiAl phase. Considering that 
alumina and rutile are oxidation products in equilibrium with Ti and Al, it was the case that 
TiO2 is more stable than Al2O3 in 2-Ti3Al, and it is only in aluminum-rich phases like γ-TiAl 
that alumina can be stable, when formed during oxidation at elevated temperatures. In all 
cases, γ-TiAl is an alumina former, whereas 2-Ti3Al is a rutile former [32]. In this 
investigation, the Coat01 coating has a higher presence of γ-TiAl phase, so it is expected that 
a higher Al2O3 formation will improve the oxidation behavior compared to the Coat04 coating 
with its higher proportion of 2-Ti3Al, which favors the formation of TiO2. Recent studies 
demonstrate the benefits of chromium and niobium in the corrosion resistance of TiAl laser 
metal deposition[33]. Therefore, it can be said that, when comparing the behavior of the 
substrate and the coating against oxidation, it has been found that, in terms of weight gain, the 
substrate generates a greater amount of oxide, and two groups of coating can be formed 
according to their microstructure. TiO2/Al2O3/TiO2+Al2O3/TiN multilayer scale are formed in 




Regarding the coatings, those in group 1 (Coat01 and Coat02) present better behavior against 
oxidation due to their microstructure composition, having a higher proportion of γ-TiAl 
compared to Coat03 and Coat04. 
It is important to note that, in this study, the characterization of the oxide layers formed in the 
coatings obtained by laser metal deposition process was carried out, but it is also necessary to 
know, in depth, its evolution with oxidation time, in order to determine the resistance and 
adhesion of these oxide layers to the coating, which would guarantee their resistance to 
oxidation in the service condition. 
4. Conclusions 
The coatings can be divided into two groups according to the observed microstructure. Group 
1 (formed by Coat01, with laser specific energy of 70 J/mm
2
 and Coat02 with 80 J/mm
2
), 
presents a duplex microstructure of γ-TiAl + 2-Ti3Al with zones of overlap between 2-
Ti3Al cords. Group 2 (formed by Coat03, with laser specific energy of 90 J/mm
2
, and Coat04 
with 180 J/mm
2
) presents grains of 2-Ti3Al and zones close to the re-melted area with a 
lamellar microstructure of γ-TiAl + 2-Ti3Al. The oxidation of the coatings generates layers 
of adherent oxides, from the surface to the coating, formed by TiO2 + Al2O3 +TiO2 + Al2O3 + 
TiN. On the other hand, the oxide layers generated on the substrate Ti6Al4V at 800 °C, have 
been detached after 5 hours of oxidation time. In general, the weight gain of the oxidized 
coatings indicates ten times more oxidation resistance for the Ti6Al4V substrate. For the 
substrate, this high weight gain is explained by the unsteadiness of the TiO2 and Al2O3 layers 
that are formed, following a layer growth with increasing potential law. 
The as-built microstructure is of great importance in Ti48Al2Cr2Nb laser coatings. For group 
1 (Low specific energy), there is a lower weight gain than that presented by group 2 (High 
specific energy) due to the presence of more γ-TiAl phase, associated with greater amount of 
alumina, which decreases the growth rate of the oxide layers at early stage of oxidation. 
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For 100 hour of oxidation, there is a higher oxide layer thickness for Coat04 compared to 
Coat01, as well as higher oxide density. This indicates, in a preliminary way, that the coatings 
of group 1 have a better resistance to oxidation at 800 °C. 
Laser metal deposition process can be used to generate TiAl coatings with good metallurgical 
bonding, high density, minimal dilution, and to improve the high-temperature oxidation 
behavior of components made with Ti6Al4V. 
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